The findings of interim fluorine-18-fluorodeoxyglucose positron emission tomography (FDG-PET/CT) predict progression-free survival of patients with Hodgkin's lymphoma. Historically, the assessment was based on a static all-or-none scoring system. However, the clinical significance of any positivity in interim FDG-PET/CT has not been defined.
Introduction
The current approach to the therapy of Hodgkin's lymphoma (HL) is aimed at attaining prolonged progressionfree survival with the minimum possible long-term, treatment-related toxicity. While tailoring risk-adapted therapy for HL has been based on predefined and validated criteria, an individual interim assessment of response to treatment using 18-fluorine-18-fluorodeoxyglucose positron emission tomography (FDG-PET/CT) has been suggested to be a more accurate predictor of prognosis. 1 Previous studies of patients with HL showed that positive interim scintigraphy correlated with a low progression-free survival, while negative interim studies correlated with high progression-free survival rates . [2] [3] [4] These studies were carried out in patients treated with ABVD (adriamycin, bleomycin, vinblastin, dacarbazine) or similar regimens. 5 The criteria for determining response from FDG imaging using either PET or PET/CT are a matter of ongoing debate. 6 It has not yet been determined whether a single residual site of minimal uptake truly represents resistant disease and it is still unclear whether response assessment should be based on the static one-point-in-time metabolic data provided by FDG-PET/CT during treatment or on the dynamics of FDG-PET/CT findings over a short period between pre-therapy and an interim study. Such a dynamic visual review could more accurately reflect the sequence of metabolic response. Furthermore, it is still unclear whether early modification of therapy affects the progression-free survival of patients with only a single site of residual uptake of FDG in the interim FDG-PET/CT. As escalating therapy is potentially toxic, it is important to increase therapy only in those patients who are clearly at high risk of treatment failure. The present trial assessed the prognostic performance of interim FDG-PET/CT in HL patients treated with various chemotherapy protocols, using four different scores to define response on FDG-PET/CT (Table 1) . A static visual binary score was initially used prospectively for response evaluation on interim FDG-PET/CT. FDG-PET/CT studies were then retrospectively reviewed and compared using a dynamic visual score and two additional static visual scores with either mediastinal or liver blood pool uptake as a comparator. [7] [8] [9] 
Design and Methods
This analysis was based on 96 patients with classic HL, treated between November 2001 and March 2006 at Rambam Health Care Campus (RHCC), Haifa, Israel, who underwent an interim FDG-PET/CT study after their first (n=15) or second (n=81) cycle of chemotherapy, and who had been followed until disease progression or for at least 1 year of complete remission. FDG-PET/CT was performed after the first cycle of chemotherapy in 15 patients treated before September 2003, from which time onward there was a consensus to perform the scintigraphic study after two cycles of chemotherapy.
Sixty-three individuals were treated with risk-adapted BEA-COPP (bleomycin, etoposide, doxorubicin, cyclophosphamide, oncovin, procarbazine, prednisone) protocols. 10 Individuals with an International Prognostic Score 11 score of 2 or less were considered to have a standard risk and were treated with two initial cycles of standard BEACOPP. Patients with a score of 3 or more were defined as being at high risk and received two initial cycles of escalated BEACOPP. Following interim FDG-PET/CT, the therapy was tailored as previously reported. 10 Patients who were initially treated with standard BEACOPP and had a positive interim FDG-PET/CT received an additional four cycles of escalated BEA-COPP. Patients whose initial therapy was escalated BEACOPP also received four additional cycles following a positive interim FDG-PET/CT. If interim PET/CT was negative following 2 cycles of therapy, additional 4 cycles of standard BEACOPP were administered. If FDG uptake was present in only a single site at the end of therapy, major attempts were made to obtain tissue specimens for histological examination prior to taking a decision about therapy failure.
All patients underwent baseline and interim FDG-PET/CT studies at the Department of Nuclear Medicine of the RHCC and were prospectively included in the study. Interim FDG-PET studies were scheduled for day 10-14 following the last day of chemotherapy and were conducted at a mean of 13.6±1.4 days. All participants had additional FDG-PET/CT scans following completion of chemotherapy and then every 6 months for 2 years and once during the third year.
FDG-PET/CT was performed using a dedicated PET scanner with a full ring bismuth germinate detector and multi-slice CT (Discovery LS, General Electric Healthcare, Waukesha, WI, USA). Patients were instructed to fast for 6 h and blood glucose was measured to ensure that the level was lower than 11 mMol/L prior to injection of 370-444 MBq slices, 0.5 s per rotation, pitch 6:1, slice thickness 4.25 mm), followed by FDG-PET acquisition in two-dimensional mode for 4 min per field of view. FDG-PET data were reconstructed using order subsets expectation maximization. Data obtained from CT acquisition were used for low noise attenuation correction of FDG-PET emission data and for fusion of attenuation-corrected PET images with corresponding CT images. PET, CT, and fused PET/CT images were reviewed in axial, coronal, and sagittal planes, and in maximal-intensity projection three-dimensional cine mode, using the manufacturer's review station (Xeleris; General Electric Healthcare, Waukesha, WI, USA). The interim FDG-PET/CT was initially assessed visually and considered negative for the presence of active HL when it showed no foci of increased 18 F-FDG uptake, other than those related to physiological biodistribution of the tracer or to a known benign process (static visual score) as defined in Table 2 . In order to optimize the definition of positive studies and thus allow for better prediction of and correlation with risk of disease progression FDG-PET/CT results were further analyzed retrospectively using a 5-point dynamic visual score developed to evaluate the response to therapy. This score is based on a visual comparison of the findings of the interim and pre-treatment FDG-PET/CT studies as detailed in Table 2 . All interim FDG-PET/CT results were re-analyzed using this dynamic visual score by a dedicated nuclear medicine specialist (R.B.S.) who was unaware of the patients' outcome. The performance of the 5-point dynamic visual score was then compared with that of two previously recommended static scores 7-9 based on visual interpretation criteria of the single inter- Table  2 ).
All patients signed informed consent to participation in this study, which was performed in accordance with the Declaration of Helsinki guidelines, approved by the Institutional Review Board (approval n. 1376) and registered in the NIH clinical studies website (clinicaltrials.gov identifier: NCT 00396916).
Statistical methods
The primary end-point of the study was progression-free survival, calculated from diagnosis to the occurrence of disease progression, relapse or death from any cause. 8 The secondary endpoint was overall survival, calculated from diagnosis to death from any cause. Complete remission was defined as the disappearance of all disease manifestations, at the end of therapy. Primary progressive disease was defined as persistence of disease, or the appearance of new sites of FDG uptake on the FDG-PET/CT scans during the first 3 months after completion of therapy. Relapse was defined as the appearance of new clinical or imaging findings, which were proven by biopsy to be foci of disease, in patients who had remained in complete remission for more than 3 months after the completion of therapy. Score ≥3 Score ≥3 Score ≥3 FDG-PET/CT study was defined as truly predictive when the patient had disease progression. A falsely positive predictive interim study was defined as a positive interim study in a patient who achieved complete remission and did not have progressive disease during the follow-up. Truly negative studies were defined as negative interim FDG-PET scans in patients who had continued remission during follow-up. A falsely negative predictive interim FDG-PET was defined as a negative interim study in a patient who had disease progression during follow-up.
Progression-free survival and overall survival were evaluated using Kaplan-Meier curves and the log-rank test. 13 The positive predictive value (PPV) was defined as the number of truly positive patients divided by the number of positive interim FDG-PET/CT results. The negative predictive value (NPV) was calculated as the number of truly negative patients divided by the number of patients with negative interim FDG-PET findings. All P values were two-sided with the level of statistical significance being 0.05. Accuracy was defined as the number of true positive and true negative outcomes divided by the number of all tested participants. Specificity, sensitivity and accuracy values were compared using McNemar's test. Statistical analyses were performed using SPSS15.0 (SPSS, Chicago, IL, USA).
Results
The characteristics of the 96 patients reported in this study are presented in Table 1 . Ninety of the 96 patients (93%) included in the study achieved complete remission. Six patients had primary progressive disease (6%). Three relapses were recorded at a median follow-up of 59 months (range, 11-71 months), 11, 13 and 41 months following diagnosis (4, 5 and 36 months after the end of therapy). Interim FDG-PET/CT results using the static visual score and dynamic visual score, and the corresponding patients' outcome are presented in Figure 1A and 1B.
Patients were treated according to predefined risk criteria. Eight patients with early, favorable HL according to the EORTC criteria 12 (stage I or II, non-bulky, no B symptoms, less than four disease sites, age < 50 years, erythrocyte sedimentation rate <50 mm/h) received four cycles of ABVD and radiation therapy to the involved field. One of these patients who had a positive interim FDG-PET study was given dose-escalated chemotherapy. Twenty-five patients with intermediate risk HL 12 were planned to receive six cycles of ABVD. Two of these patients had primary progressive disease, one of them irrespective of treatment escalation after the second cycle, because of which was performed a positive interim FDG-PET.
Two patients who had two cycles of ABVD followed by positive interim FDG-PET/CT had escalation of therapy and received escalated BEACOPP. When initial therapy prior to positive FDG-PET/CT had been two cycles of standard BEACOPP, treatment was increased to escalated BEACOPP for four additional cycles of therapy (n=9). Patients in whom initial therapy was escalated BEACOPP had four additional cycles of this same therapy (n=3).
Thirty-nine patients were treated with radiation therapy following chemotherapy . Radiation was administered at 180 cGy fractions for a total dose of 2520 to 4000 cGy. Indications for radiotherapy were bulky mediastinal mass (n = 10), positive interim FDG-PET/CT (n = 11), or both (n = 2), or early disease (n =16) ( Table 1) .
Prospective static visual review of FDG-PET/CT results
The interim FDG-PET/CT was positive according to static visual criteria in 24 patients. Eleven of these patients had chemotherapy dose escalation followed by radiation therapy in 6 patients. Five of the 24 patients (21%) had primary progressive disease, three irrespective of dose escalation, and 19 were in remission at a follow-up of 41 to 79 months (median 66 months) ( Figure 1A ). In only 3 of the 19 patients was FDG-PET/CT positive at a single site at the end of therapy and eventually became negative without added therapy.
Five-year progression-free survival and overall survival rates for patients with positive interim FDG-PET/CT studies were 79% (95% CI: 71-87) and 87% (95% CI: 80-94), respectively. Seventy-three patients had a negative interim FDG-PET/CT according to the visual static score and 69 of them (95%) achieved complete remission. The 5-year progression-free survival rate for patients with negative interim FDG-PET/CT was 94% (95% CI: 89-99) and the overall survival rate was 99% (95% CI: 97-100); these rates were both significantly better than those of patients with positive interim studies (P=0.02 and P=0.017, respectively ( Figure 2) .
Out of the 41 individuals treated initially with standard BEACOPP ( Figure 1A and Table 3 ), 11 had positive interim FDG-PET results. Nine of these latter patients had therapy intensified to escalated BEACOPP, with 5-year progression-free and overall survival rates of 73% and 82%, respectively. Two of these nine patients had primary progressive disease in spite of the interim escalation of therapy and seven patients had prolonged remission. Thirty patients with negative interim FDG-PET/CT had prolonged remissions with a median of 61 months (range, 28-93 months).
Twenty-two patients were initially treated with escalated BEACOPP. Six patients had a positive interim study ( Figure 1A ). Three patients who had a positive interim FDG-PET showing a single residual mediastinal mass and, therefore, received four further cycles of escalated BEA-COPP followed by radiation therapy remained in complete remission. Two of these three patients had a positive scan 3 months following radiation therapy. However, biopsies appeared negative and they had no evidence of disease progression. Sixteen out of the 22 patients initially treated with escalated BEACOPP had interim negative FDG-PET/CT studies which resulted in reduction of their therapy to four cycles of standard BEACOPP and 15 out of these 16 patients remained in complete remission at a median follow-up of 70 months (range, 41-89 months); one patient had primary progressive disease ( Figure 1A) .
Thirty-three patients received initial therapy with ABVD. Seven of these patients had a positive interim FDG-PET/CT, two of whom had primary progressive disease and five of whom remained in complete remission at a median of 54 months (range, 43-79 months). Twenty-six of the 33 patients initially treated with ABVD had interim negative FDG-PET/CT; one of them had primary progressive disease, two relapsed and 23 remained in complete remission at a median of 55 months (range, 25-84 months) ( Figure 1A ).
Negative and positive predictive values, specificity, sensitivity and accuracy of interim PET/CT using the static visual score were 94%, 21%, 78%, 55%, 76%, respectively, for the whole study population and were similar to those obtained for patients treated with the different Dynamic criteria for interim FDG-PET/CT in HL haematologica | 2010; 95 (7)chemotherapy protocols, as presented in Table 3 .
Although the data obtained indicated that, overall, at least 21% of patients with a positive visual interim FDG-PET/CT would not be disease-free in 4 years, the PPV was difficult to interpret because of the relatively small number of positive studies (n=24) as well as the dilemma concerning outcome interpretation following therapy modification based on the results of interim scintigraphy. An additional calculation was, therefore, performed, excluding the eight patients who had dose intensification and no evidence of disease progression. This analysis eliminated the possibility that intensification of therapy was the cause of the low PPV. The PPV increased from 21% to 31% and the specificity from 78% to 86% (Table 3) .
Retrospective dynamic visual review of FDG-PET/CT results
Using the 5-point dynamic visual score detailed above for interpretation of interim FDG-PET/CT results and defining score 2 as the cut-off point between positive and negative studies, the number of positive interim studies markedly decreased from 24 to 6, as presented in Figure 3 and Table 3 . There were six patients with positive FDG-PET/CT studies, of whom four had a score of 3 and two had a score of 4, and 90 patients with negative interim PET/CT studies, including 72 with a score of 0, 13 with a score of 1 and 5 with a score of 2. Three of six patients with a positive interim FDG-PET/CT (two with a score of 3 and one with a score of 4) had disease progression, in spite of therapy escalation. Six patients with a negative interim FDG-PET/CT had treatment failure (7%), including 4 of 72 with score 0 (5.5%), 2 of 13 with score 1 (15%) and none of 5 patients with score 2. Eighty-four patients were in prolonged complete remission. The study results were then re-analyzed to retrospectively define the cut-off score which provided the highest accuracy and predictive values for detecting treatment failure by interim FDG-PET/CT (Table 4) . According to this analysis FDG-PET/CT studies with scores 0, 1 or 2 were considered as negative and those with scores 3 or 4 as positive.
The 5-year progression-free and overall survival rates of
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patients with negative interim PET/CT using the dynamic visual score were 93% (95% CI: 88-98) and 98% (95% CI: 95-100), respectively, these rates being significantly better than the 50% (95% CI: 40-60) and 67% (95% CI: 58-76), respectively, for patients with a positive interim PET/CT (P=0.0001 and P<0.0001, respectively) ( Figure 3) .
The NPV, PPV, specificity, sensitivity and accuracy of dynamic visual review of interim PET/CT for predicting treatment failure were 93%, 50%, 96%, 33% and 91%, respectively. Specificity and accuracy were significantly better than those provided by interim PET/CT using the static visual score (P<0.0001 and P=0.0001, respectively ) ( Table 3) .
Interim FDG-PET/CT results were also retrospectively assessed according to the guidelines of the Consensus of the Imaging Subcommittee. 7 Using these criteria, with either mediastinal or liver uptake as a comparator, there were 21 or 16 positive interim PET/CT studies respectively, and 75 or 80 negative studies. The NPV was 93% or 92%, PPV was 19% by both scores, specificity 80% or 85%, sensitivity 44% or 33% and accuracy 77% or 80%, respectively (Table 3) .
When the four scoring systems were compared, the dynamic visual score provided the highest specificity and accuracy (96% and 91%) compared to the static visual score (P<0.0001 and P=0.001) or the two other static scores using either mediastinal blood pool as the comparator (P=0.0001 and P=0.001) 7 or liver blood pool uptake as the comparator (P<0.002 and P=0.006, respectively) ( Table  3 ). The progression-free survival rate for patients with moderately or markedly increased uptake compared to that of the mediastinum was 81% (95% CI: 73-89) versus 93% (95% CI: 88-98) for patients with negative studies (P=0.06) ( Figure 4A ). For patients with an interim FDG-PET/CT uptake higher than liver uptake the 5-year progression-free survival rate was 81% (95% CI: 73-88) Dynamic criteria for interim FDG-PET/CT in HL haematologica | 2010; 95 (7) 1203 whereas that for patients with negative studies was 92% (95% CI: 87-97) (P=0.14) ( Figure 4B ). Therapy changes were a major limitation of the current study given the possibility that there could be shifts between true positive and false positive results if the adapted therapy was more effective than the unmodified therapy. In the additional analysis performed to partially resolve this bias, excluding patients who had escalation of therapy and no evidence of disease progression, the difference in specificity between the dynamic visual score (96%) and all three static scores remained statistically significant whether the comparator used was the visual score (86%; P=0.008), mediastinal blood pool uptake (87%; P=0.016) or liver blood pool uptake (89%; P=0.03). The difference in accuracy between interim FDG-PET/CT using the dynamic visual score and all three static scores (92% versus 83%) was not statistically significant.
Discussion
During the last decade, F 18 FDG imaging using either PET or PET/CT has become a major strategy both for staging patients with HL and for interim evaluation of their response to therapy. Hutchings et al. 4 and Gallamini et al. 14 have demonstrated that the findings of interim FDG-PET can predict response to therapy. A negative study result is associated with favorable disease-free survival, while a positive study predicts for a worse prognosis. A recently published prospective trial demonstrated a high prognostic predictive value of FDG-PET studies performed following two cycles of ABVD in a cohort of 260 patients with early unfavorable or advanced disease, with a PPV of 86% and a NPV of 95% at 2.19 years of follow-up. 1 Following publication of these results, several ongoing randomized trials are currently assessing the role of interim F 18 FDG-PET imaging in patients with early favorable, unfavorable and advanced disease. 15, 16 It has not yet been determined whether the high predictive value of FDG-PET is maintained while using aggressive therapeutic protocols such as escalated BEACOPP or standard BEACOPP. It is also still unclear what the precise definition of response on interim FDG-PET/CT studies should be. In contrast to FDG PET/CT studies at the end of therapy, it may be that early prediction of good response during therapy does not necessarily require complete disappearance of FDG uptake at all sites of disease.
In the current study, we used a new simple and reproducible dynamic visual score which expresses the dynamic metabolic trend from diagnosis to early during initial treatment and not only the metabolic status of disease at a single time point during therapy. Using this score, FDG PET/CT was found to be highly predictive of both progression-free and overall survival, similar to previously reported data using other interpretation criteria. The current study, however, included patients treated with three different protocols, ABVD, BEACOPP or escalated BEA-COPP, who have been followed for longer periods (median 59 months; range, 7-91 months) than previously reported. The NPV of FDG-PET/CT in patients treated with any of these three regimens was similar to that reported by Gallamini et al. 1 for patients treated with ABVD. Regarding PPV, our data indicated that at least 21%-31% of patients with a positive interim FDG-PET/CT would not be disease-free at 4 years. Nevertheless, the PPV in the present study, obtained with either method of scoring (21-50%), was markedly lower than previously reported values (69%-86%). 1, 3, 4, 14 Assessment of the PPV could have been negatively biased in our cohort of patients because of the use of a binary visual score in which every abnormal uptake was considered positive, while in other studies minimal residual uptake or even uptake equal to or slightly higher than mediastinal uptake was considered negative. 1, 3 Since treatment intensification for patients with positive FDG-PET who had no disease progression is another potential bias, due to a possible shift from true positive to false positive if the intensified therapy was more efficient, the analyses were also recalculated omitting those patients who received treatment intensification, revealing a similar PPV of 25-50%. Another possible explanation for the low PPV may be the low rate of treatment failure in the present cohort (9 patients, 9%). The low PPV may also reflect a greater potency of BEACOPP regimens to elimi-
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haematologica | 2010; 95(7) 17 reported a similar low PPV of 46% in a cohort of 45 patients with advanced HL and International Prognostic Score of 3 or more, treated with two cycles of escalated BEACOPP followed by interim FDG-PET/CT. Markova et al. described a cohort of 50 patients treated with standard or escalated BEACOPP who had an interim FDG-PET following four cycles of therapy. While the NPV was found to be high, the PPV was low and only two of 14 patients with a positive interim study had disease progression. 18 Gallamini et al. reported a PPV of 60%, a NPV of 88% and specificity of 92% in a cohort of 30 patients with advanced HL treated with four cycles of escalated BEACOPP followed by four cycles of standard BEACOPP with a median follow up of 2 years. 19 The major issue we assessed in the present study was the lack of an accurate, accepted definition of response on interim FDG-PET/CT. In order for FDG-PET/CT to provide information of practical clinical significance early during treatment, FDG-PET/CT response criteria need to be clearly defined and standardized. Juweid et al. 7 published criteria for the definition of metabolic response of lymphoma on FDG-PET at conclusion of therapy, based on both the intensity of F 18 -FDG uptake and the size of the residual mass at initial sites of disease. These criteria were adopted in the Revised Response Criteria for Malignant Lymphoma. 8 At the end of therapy, any increased F 18 FDG uptake in a mass smaller than 2 cm or residual masses of 2 cm or more with an uptake greater than that in the mediastinum was suggested to be positive, indicating the presence of active lymphoma. 7 To date, there are insufficient data to determine whether these end-of-therapy criteria apply for interim FDG-PET/CT therapy assessment as well. It does, however, seem that early during treatment, a higher threshold should be used to define the presence of active lymphoma, especially if intensification of treatment is anticipated based on a positive study. Hutching and Mikhaeel evaluated 85 patients who underwent interim FDG-PET. 3 A positive interim FDG-PET was defined as "increased uptake suspicious of malignant disease, which did not have a benign explanation." The presence of "minimal residual uptake" was considered negative. Using these criteria the PPV of interim FDG-PET increased from 41% to 62%. 3 Juweid further raised the threshold for defining increased F
18
FDG uptake as positive for active lymphoma, suggesting that above normal liver F 18 FDG uptake should be used to signify a positive interim FDG-PET/CT. Meignan et al. are using this same threshold in the H10 intergroup study. 20 This group, however, has also shown that a comparison between interim FDG-PET and baseline FDG-PET results provides a significantly higher interobserver agreement, emphasizing the importance of pretreatment scanning for subsequent assessment of response, which is in agreement with the guidelines of the National Cancer Institute. 21 In the current study, the initial prospective methodology for the interim FDG-PET/CT interpretation defined any abnormal F 18 FDG uptake as positive. A low PPV of 21% to 31% and a specificity of 75% to 88% indicated the potential for unwarranted therapeutic escalation. In our retrospective analysis, the performance of interim FDG-PET/CT studies was further refined by considering the dynamic sequence of response on FDG-PET/CT, as reflected by the comparison of changes in the number and intensity of F 18 FDG-avid disease sites between the pre-therapy and interim studies ( Table 3 ). The specificity of the dynamic visual score remained stable whether the whole group of patients was included or whether the ones who had escalation of therapy were excluded. This is due to the fact that the number of false positives was smaller when the dynamic visual score assessment method was used (3 patients only). The dynamic scoring system in this cohort of patients provided significantly superior specificity and accuracy compared to the three static scoring systems.
In conclusion, the current study confirms the value of interim FDG PET/CT for predicting treatment failure in HL in a cohort of patients followed for a longer time than previously reported. FDG-PET/CT demonstrated a consistently similar performance, with a high NPV in patients treated with three different chemotherapy protocols. The data also suggest that for practical purposes patients with an interim FDG-PET score of 0 or 1 should be managed as having a negative study and reduction of therapy from escalated BEACOPP to the standard regimen should be considered for such individuals. On the other hand, patients with an interim FDG-PET score of 3 or 4 are at high risk of disease progression.
Importantly, while the limitations of studying a relatively small number of subjects is recognized, the findings of the present investigation nevertheless suggest that a dynamic visual scoring system improves the PPV and specificity of interim FDG-PET/CT as compared to a static FDG-PET/CT scoring at a single time point during therapy. Larger studies and further incorporation of a dynamic scoring system into prospective studies relying on interim FDG-PET/CT monitoring are needed to validate and confirm these findings.
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